Macrolides and ketolides are protein synthesis inhibitors, and macrolide resistance is mainly due to target ribosome modification or active efflux (1, 2, 8, 17, 18, 23, 24) . Ribosome modification is achieved by methylation of specific nucleotides in 23S rRNA, via specific Erm methyltransferase, or by mutations in 23S rRNA and in L4 and L22 ribosomal proteins in some bacterial species (8, 14, 17) . Decreased cell membrane permeability and/or multidrug efflux pumps make macrolides ineffective against gram-negative bacteria (9, 24) . In Neisseria gonorrhoeae, the first efflux pump to be documented was the tripartite MtrCDE complex, expelling various antibacterial compounds, including macrolides, detergents, and antimicrobial peptides (6, 14, 21) . The AcrAB-TolC system has been cited as being responsible for macrolide efflux associated with resistance, and recently, a novel macrolide-specific efflux pump belonging to the ABC transporter family has been described to be involved in Escherichia coli macrolide resistance (7, 15, 19) . The acrAB locus has been identified in Haemophilus influenzae, and inactivation of either one of these genes has been reported to increase the susceptibility to some drugs, such as macrolides, as well as to dyes, such as ethidium bromide (19) . In addition, the protonophore carbonyl cyanide m-chlorophenylhydrazone inhibits macrolide efflux in several clinical isolates of H. influenzae exhibiting intermediate or high-level macrolide resistance (15) . The aim of the present study was to decipher the role of the AcrAB-TolC efflux pump in macrolide and ketolide resistance in Enterobacteriaceae.
The strains and plasmids used in this work were E. coli BW5104 and its acrAB and acrAB tolC derivatives, Enterobacter aerogenes ATCC 13048, and the clinical isolate E. aerogenes EA27, which exhibits energy-dependent norfloxacin and chloramphenicol efflux (13, 16) . Strain EAEP289 is a Kan s derivative of EA27, strain EAEP294 is an acrA::Kan r derivative of EAEP289, and strain EAEP298 is a tolC::Kan r derivative of EAEP289 (16) . The MIC determinations were carried out with or without phenylalanine arginine ␤-naphthylamide (PA␤N) at various concentrations which have no antibacterial effect (4, 10) . Antibiotic uptake was determined as previously described (4, 12, 13) .
Efflux pumps are involved in macrolide and ketolide resistance. The MICs of two macrolides, clarithromycin and erythromycin, and of telithromycin were determined for E. coli BW5104 and its acrAB and acrAB tolC derivatives ( Table 1) . The acrAB tolC mutant was more susceptible than the wildtype strain to both macrolides (32-to 64-fold decreases in MICs). In contrast, the telithromycin susceptibility was weakly affected in the acrAB tolC strain, with a fourfold reduction of the corresponding MIC. In the presence of PA␤N, the respective MICs of the three antibiotics were decreased for both wild-type and mutant strains ( Table 1 ), indicating that a PA␤N-sensitive efflux mechanism actively participates in macrolide and ketolide resistance in E. coli.
Concerning E. aerogenes ATCC 13048, we observed a significant dose-dependent effect of the efflux pump inhibitor on macrolides and telithromycin susceptibilities ( Table 2) . In E. aerogenes EAEP289, which overproduces the AcrAB component, we observed a reduced effect of the efflux pump inhibitor (16) . The tolC mutant, strain EAEP298, was much more susceptible to erythromycin and clarithromycin than the parental strain, EAEP289 (16-to 32-fold decreases in MICs). In the presence of PA␤N (10.5 g/ml), a sensitive phenotype was obtained with EAEP298, in contrast to that of the parental resistant strain, EAEP289 ( Table 2 ). The acrA mutant, EAEP294, was much more resistant to macrolides than EAEP298. The four-to eightfold difference in MICs of macrolides for EAEP298 (TolC Ϫ ) and EAEP294 (AcrA Ϫ ) suggests that another efflux pump contributes to macrolide efflux in E. aerogenes. In contrast, the acrAB and tolC mutants presented the same increasing level of chloramphenicol susceptibility as the parental resistant strain, and this drug susceptibility was further increased in the presence of PA␤N ( Table 2 ). The initial MICs were recovered when the mutants were transformed with plasmids bearing the E. aerogenes tolC gene or the acrAB genes (Table 2) .
A weak reduction of the telithromycin resistance level was detected in the mutants compared to that in the parental strain. A 32-fold decrease in the erythromycin MIC for the tolC strain was observed, when this mutation conferred only a 4-fold decrease in telithromycin MIC (Table 2 ). These results show that the TolC component is capital in chloramphenicol resistance and is involved in macrolide efflux. Conversely, telithromycin resistance is only weakly mediated by a TolCdependent efflux pump. An efflux pump modulates the intracellular concentration of telithromycin. We determined the intracellular concentration of radiolabeled telithromycin in E. aerogenes ATCC 13048 in the presence of PA␤N. Increasing amounts of the efflux inhibitor significantly modified the ketolide accumulation (Fig. 1) . A high steady-state intracellular concentration was obtained with 52.6 and 105.2 g of PA␤N/ml. The maximal accumulation obtained under these conditions corresponded to about a 10-fold increase in the intracellular telithromycin concentration compared to that in the absence of inhibitor. The effect of PA␤N as an inhibitor of telithromycin efflux was quite similar to that observed with carbonyl cyanide m-chlorophenylhydrazone (data not shown), an energy uncoupler which collapses the energy of drug efflux mechanisms (12, 13) . a Antibiotics were tested alone or with various PA␤N concentrations as previously described (4) . MICs for the E. aerogenes strains with 526 g of PA␤N/ml have been previously determined (3, 12) . The MICs were determined for strains in Mueller-Hinton broth as previously described (4 
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To analyze the role of AcrAB-TolC tripartite complex, we compared the radiolabeled telithromycin accumulation in EAEP289 and its acrA and tolC derivatives in the absence or presence of PA␤N. As shown in Fig. 2 , the intracellular drug level was quite similar in the parental, acrA, and tolC strains in the absence of efflux inhibitor. In the presence of the efflux inhibitor, a similarly significant increase of telithromycin intracellular concentration was observed with the three strains, indicating the presence of an active efflux mechanism inhibited by PA␤N (Fig. 2) . These data suggest that the intracellular telithromycin concentration is governed by an active efflux mechanism which is independent of the AcrAB-TolC pump but PA␤N sensitive.
Telithromycin, the first ketolide approved for clinical use, is a structural macrolide derivative which presents a preserved antibacterial activity against many bacteria that are resistant to macrolides (1, 5, 11, 23) . In the present study, we clearly show that an active efflux mechanism confers macrolide and ketolide resistance via a PA␤N-sensitive pump in E. coli and E. aerogenes. Clarithromycin and erythromycin susceptibilities were greatly increased in the acrAB and tolC null mutants. This indicates that the intrinsic efflux pump mechanism is the major support of macrolide resistance in E. coli and E. aerogenes. In E. aerogenes, the AcrAB-TolC complex is able to efficiently expel macrolides, such as erythromycin or clarithromycin, while another machinery seems to pump out the ketolide telithromycin. For the tolC mutant, we observed a 32-fold reduction of erythromycin MIC, but only a 4-fold decrease is reached with telithromycin. In contrast, PA␤N treatment generates a similar 16-fold decrease in erythromycin and telithromycin MICs. The role of the efflux mechanism in telithromycin resistance is demonstrated by the significant increase in ketolide uptake in the presence of increasing PA␤N concentrations. Consequently, these results showed that telithromycin is expelled independently of AcrAB-TolC, since ketolide accumulation is not significantly modified in the acrAB or tolC mutants.
Thus, our results argue that at least two distinct efflux pumps participate in macrolide resistance in E. aerogenes: the AcrABTolC machinery and a second mechanism that is PA␤N sensitive but AcrAB-TolC independent. The latter also seems to be involved in ketolide efflux. Recent studies concerning the eucaryotic cell transport of this drug family report that telithromycin is less sensitive than other macrolides to P-GP transport expelling molecules from Caco-2 cells (20) . Taking into account these data and results concerning the selective bacterial efflux, the difference in the structure of the expelled molecule, telithromycin, clarithromycin, and erythromycin (24) may explain the level of affinity for the drug binding sites located in the respective transporters and efflux pumps (22) . Therefore, the preserved antimicrobial activity of this ketolide against gram-negative bacteria, in contrast to that of the macrolides, may result from a weak substrate recognition profile which protects the molecule from AcrAB-TolC efflux machinery.
In conclusion, in E. aerogenes, macrolide molecules can be extruded by the AcrAB-TolC system, but this is not the sole active pump transporting this substrate family. Our results suggest that telithromycin is not a good substrate for this efflux system and that it is efficiently recognized by another PA␤N-sensitive pump. This other pump, constitutively expressed in the E. aerogenes ATCC 13048 susceptible strain and in a multidrug-resistant clinical isolate, remains to be identified.
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FIG. 2.
The AcrAB-TolC efflux pump and telithromycin efflux. Exponential-phase bacteria grown in Luria-Bertani broth were removed, resuspended in sodium phosphate buffer, and incubated with radiolabeled telithromycin for various times. Intracellular telithromycin accumulation was monitored in strains EAEP289 (ᮀ, s), EAEP298 (E, F), and EAEP294 (‚, OE). The experiments were carried out in the absence (open symbols) or presence (filled symbols) of PA␤N (final concentration, 52.6 g/ml). Values (expressed as counts per minute/optical density) were obtained from two independent experiments carried out in duplicate.
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